A skyrmion 1 is a topological field configuration with particlelike properties that occurs in wide ranges from microscopic to cosmological scales 2, 3 . One particular form is the magnetic skyrmion, originally found in chiral magnets 4, 5 . The magnetic skyrmion offers an experimental framework for the investigation of topological effects on soliton dynamics. Its representative topological effect is the skyrmion Hall effect [6] [7] [8] , analogous to the Hall effect for which the Lorentz force deflects charged particles perpendicular to their velocities. Magnetic skyrmion dynamics is described by the equation of motion for position R (refs. 9-11 ), given as:
, analogous to the Hall effect for which the Lorentz force deflects charged particles perpendicular to their velocities. Magnetic skyrmion dynamics is described by the equation of motion for position R (refs. [9] [10] [11] ), given as:
where M is the soliton mass, D is the viscous coefficient and F is the sum of the internal force that originates from the potential energy and external driving force. The skyrmion Hall effect results from the first term on the right-hand side, an effective Lorentz or Magnus force, defined by the topological charge
x y and the fictitious magnetic field = − πŝ B z 4 net , where n is the spin order parameter, s net is the net spin density and ẑ is the normal vector to the film plane. Similar to the Hall effect, which depends on the electric charge and external field, the skyrmion Hall effect is determined by the topological charge Q and fictitious magnetic field B.
For ferromagnetic skyrmions, both topological charge and spin density are finite so that the skyrmion Hall effect emerges 6, 7 . The topological charge remains finite even for antiferromagnetic skyrmions because n is defined by the Néel vector (not by alternating atomic spin), which is continuous in space. Thus, the theoretically predicted vanishing skyrmion Hall effect for antiferromagnetic skyrmions [12] [13] [14] is entirely associated with zero s net or, equivalently, zero fictitious magnetic field. This theoretical prediction has not yet been experimentally verified.
The significance of experimentally demonstrating the vanishing skyrmion Hall effect is twofold. First, it is crucial for realizing spintronic devices that utilize magnetic skyrmions [15] [16] [17] [18] [19] as information carriers [20] [21] [22] [23] , because the skyrmion Hall effect pushes skyrmions towards edges of patterned devices, which potentially results in skyrmion annihilation and loss of information. Second, although the fictitious magnetic field of topological spin textures-critical for understanding their dynamics-has been predicted to be proportional to the spin density [9] [10] [11] 14 , a direct connection between the fictitious magnetic field and spin density has remained elusive. This connection can be established by independent measurements of the vanishing skyrmion Hall effect and zero spin density, as shown below.
In this work, we experimentally demonstrate the vanishing skyrmion Hall effect using a rare earth (Gd) and transition metal (FeCo) ferrimagnetic compound where the rare earth and Vanishing skyrmion Hall effect at the angular momentum compensation temperature of a ferrimagnet Yuushou Hirata transition metal moments are antiferromagnetically coupled. Rare earth and transition metal elements have different intra-atomic exchanges and thus exhibit different temperature-dependent spin density changes. As a result, the s net of GdFeCo ferrimagnets varies gradually with temperature and vanishes at a specific temperature below the Curie temperature. The nature of magnetic dynamics, which is governed by the angular momentum and their commutation relations, becomes antiferromagnetic at this temperature, called the angular momentum compensation temperature (T A ) (refs. [24] [25] [26] ). This feature of GdFeCo ferrimagnets allows us to experimentally test the relation of the fictitious magnetic field to the spin density and, in particular, the vanishing skyrmion Hall effect at T A .
Current-driven elongation of bubble domains
We fabricated perpendicularly magnetized ferrimagnetic GdFeCo/Pt films (Methods) via sputtering. Specifically, the films are 5 nm SiN /30 nm Gd 23.5 Fe 66.9 Co 9.6 /5 nm Pt/100 nm SiN on an intrinsic Si substrate. The Pt layer serves as a spin-current source, and an in-plane charge current generates a spin-orbit torque (SOT) 27, 28 . This layered structure has a sizable Dzyaloshinskii-Moriya interaction, larger than domain wall hard-axis anisotropy (Supplementary Note 1), and thus homochiral magnetic bubbles with well-defined topological charges can be stabilized in the structure. In these samples, the Pt layer supplies a spin Hall spin current, which has been shown to dominate the conventional spin-transfer torque effects 25 . We first determine T A of the GdFeCo/Pt film by measuring the fielddriven domain wall velocity v (ref. 24 ) as a function of temperature T (Fig. 1a) . The sharp peak in v at T = 287 ± 5 K corresponds to T A (ref. 24 ). This drastic increase in v evidences antiferromagnetic spin dynamics, which correspond to a zero s net at T A . Figure 1b shows an optical microscope image of the device used in the SOT experiment. To create a bubble domain, we applied a current pulse along the y axis through a half-ring-shaped writing line, prepared via electron beam lithography (inset of Fig. 1b) . The current-induced Oersted field creates a reversed bubble domain (magnetization-up state), predominantly at the location of the half ring, and occasionally bubble domains near the edge of the writing line, possibly due to lithography-induced damage (Fig. 2a) . We then injected a current pulse (amplitude I = 0.14 A and duration Δ t = 100 ms) through the GdFeCo/Pt film along the x axis at T = 343 K (T > T A ), where T is the temperature adjusted from the measured value by subtracting the contribution from the Joule heating caused by the injected current (Supplementary Note 2) . This in-plane current generates a SOT that could move the bubble domain. As shown in Fig. 2b , however, we observed that the current elongates the bubble domain, instead of moving it, possibly due to lithography-induced damage that creates a strong pinning potential (Supplementary Note 3) .
This current-driven bubble domain elongation, however, does not alter the main conclusion of this work, as explained below. In Fig. 2b , the bubble elongation direction (indicated by a red dashed line) has an angle θ ≈ -35° with respect to the current direction. To investigate the physical meaning of this angle, we performed the same experiment for a bubble domain with the opposite magnetization (magnetization down (Fig. 2c) ). We found that θ in this case was about + 31° (Fig. 2d) . Thus, changing the bubble domain magnetization state from up to down changes the sign of θ with its absolute value approximately maintained. This sign change, due to the overall inversion from the spin order parameter n to − n, suggests that the elongation angle θ reflects the topological charge Q because Q is an odd function of n. The correlation between elongation angle and topological charge in this experiment indicates that the current-driven elongation of bubble domains is a consequence of half-skyrmion motion (Fig. 2e) . As one bubble edge is pinned, the motion of the other edge, indicated by a dashed box in Fig. 2e , is responsible for the elongation. For a bubble domain with a well-defined topology due to the Dzyaloshinskii-Moriya interaction, a topological charge for the edge in the boxed area is half the charge of the full skyrmion and, as a result, the elongation angle could be interpreted as the skyrmion Hall effect of a half skyrmion.
To validate the above interpretation, we investigated the currentdriven elongation of bubble domains by measuring θ at various temperatures. Figure 3a -c shows magneto-optical Kerr effect (MOKE) images of the magnetization-down state, obtained at three representative temperatures. The sign of θ is positive above T A (T = 343 K (Fig. 3a) ), whereas it is negative below T A (T = 253 K (Fig. 3c) ). Remarkably, θ is close to zero at the temperature near T A (T = 283 K (Fig. 3b) ). Figure 3d summarizes the measured θ as a function of T and reveals that bubble domains with magnetization-up and magnetization-down states exhibit θ of opposite signs and comparable absolute values throughout the tested temperature range. More importantly, θ for both types of bubble domain approaches zero at temperatures close to T A . This observation is consistent with the above interpretation based on half skyrmions and demonstrates that the skyrmion Hall effect of rare earth-transition metal ferrimagnets vanishes at T A .
Theory for elongation dynamics driven by SOT
To further support our interpretation, we developed a simple theory for the elongation of a pinned magnetic bubble driven by SOT. Specifically, we modelled an elongated bubble with one pinned end at the origin (Fig. 4a) as a composite object that consisted of a half skyrmion at the free end and a straight rod that connected the two ends, which resembles the model used in Jiang et al. 18 to explain skyrmion generation from the tips of elongated bubbles. The state of the bubble can be described by two variables, the rod length l(t) and the elongation angle θ(t) from the direction of the current density j. Their equations of motion can be obtained using the collective coordinate approach 11, 14, 24 , the details of which are given in Supplementary Note 5. Several forces act on the half skyrmion: the SOT-induced force
, where l is the unit vector along the elongation and ϑ is the coefficient for the dissipative SOT present in the system 29 . The Magnus force, F g , is proportional to both the spin density and the topological charge Q = ± 1/2, the viscous force, F d , is rooted in the Gilbert damping, and the tension, F T , is associated with the stretching of the rod (Fig. 4a shows schematic illustrations of these forces). By balancing these forces and the associated torques on the bubble, we obtain the steady-state solution with uniform growth and a constant angle for sufficiently large currents, ˙= l t v ( ) and θ(t) = θ SkH with:
SkH 1 net total where s total is the sum of the sublattice spin density magnitudes, α is the Gilbert damping constant, λ is the domain wall width that forms the bubble boundary and r is the radius of the half skyrmion. The elongation angle obtained for the bubble is identical to the expression for the skyrmion Hall angle for an isolated skyrmion 14 . As the temperature approaches T A , s net goes to zero and, consequently, the elongation angle θ SkH goes to zero. This implies the skyrmion Hall effect vanishes at T A , as was experimentally observed. We remark here that our theory assumes that the shape of the half skyrmion is rigid and the elongated rod part forms a straight line, and is thus valid when the velocity of the half skyrmion is sufficiently slow that the external force is much less than the internal force shaping it, and the elongation length is sufficiently short that the bending of the bubble boundary can be ignored.
Numerical simulations of the bubble domain elongation
We also performed numerical simulations based on the atomistic Landau-Lifshitz-Gilbert equation 24 (Methods). We computed damping-like SOT-driven elongation of a ferrimagnetic bubble by varying the spin densities of two sublattices around s net = 0. We also considered the field-like SOT in the simulation, but found that it did not alter the main conclusion of this work (Supplementary Note 6). To mimic the experiment, we intentionally pinned one bubble edge by applying a staggered field locally and assumed a random distribution of the perpendicular magnetic anisotropy (Methods). Figure 4b shows snapshot images of the elongated magnetic bubble for nine s net cases. Figure 4c summarizes the numerically obtained elongation angles as a function of s net . At s net = 0, the elongation angle is nearly zero, consistent with both experiment and theory.
Conclusions
We experimentally observe that the skyrmion Hall effect in an antiferromagnetically coupled ferrimagnet varies with temperature and vanishes at T A . Combined with theoretical and numerical support, this observation demonstrates that the fictitious magnetic field for magnetic skyrmions is proportional to s net . The good agreement between the experimental and the theoretical/numerical results (Supplementary Note 7) suggests that our approach provides an alternative way to study the skyrmion Hall effect. Although the importance of the topological charge for the topological soliton dynamics is widely recognized, our findings underline the impact of s net for these dynamics. This demonstration of a vanishing skyrmion Hall effect is of importance for realizing an efficient skyrmion racetrack memory without information loss. Furthermore, antiferromagnetic spin textures are expected to move faster than ferromagnetic ones [30] [31] [32] , which is beneficial for energy-efficient devices. The high tunability of the s net of ferrimagnets, which cannot be found in more conventional spintronic materials, will enable the manipulation of topological soliton dynamics and thereby facilitate the realization of soliton-based spintronic devices.
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